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Efficient Organic Solar Cells Enabled by Simple Non-Fused
Electron Donors with Low Synthetic Complexity

Yueyue Gao, Minghuan Cui, Shengchun Qu, Huaping Zhao, Zhitao Shen, Furui Tan,*

Yulian Dong, Chaochao Qin,* Zhijie Wang,* Weifeng Zhang, Zhangguo Wang,

and Yong Lei*

Fused-ring electron donors boost the efficiency of organic solar cells

(OSCs), but they suffer from high cost and low yield for their large synthetic
complexity (SC > 30%). Herein, the authors develop a series of simple
non-fused-ring electron donors, PF1 and PF2, which alternately consist of
furan-3-carboxylate and 2,2’-bithiophene. Note that PF1 and PF2 present very
small SC of 9.7% for their inexpensive raw materials, facile synthesis, and
high synthetic yield. Compared to their all-thiophene-backbone counterpart
PT-E, two new polymers feature larger conjugated plane, resulting in higher
hole mobility for them, especially a value up to =10~* cm? Vs for PF2 with
longer alkyl side chain. Meanwhile, PF1 and PF2 exhibit larger dielectric
constant and deeper electronic energy level versus PT-E. Benefiting from the
better physicochemical properties, the efficiencies of PF1- and PF2-based
devices are improved by =16.7% and =71.3% relative to that PT-E-based
devices, respectively. Furthermore, the optimized PF2-based devices with
introducing PC;,BM as the third component deliver a higher efficiency of
12.40%. The work not only indicates that furan-3-carboxylate is a simple yet
efficient building block for constructing non-fused-ring polymers but also

provides a promising electron donor PF2 for the low-cost production of OSCs.

and short energy payback time et al.'*

Nowadays, the state-of-the-art photovoltaic
performance of OSCs based on fused-ring
polymers can indeed rival those of poly-
crystalline silicon solar cells.>1% However,
fused-ring polymers always present large
synthetic complexity (SC > 30%) due to
their tedious synthetic procedures and
complicated post-purification, which inevi-
tably results in high cost (>1000 $ g™') and
leads to that they can seldom be prepared
in a high quantity (>10 g). The high cost,
as well as poor scalability, greatly hamper
the applications of fused-ring polymers in
0OSCs commercialization.™ Therefore,
developing polymers with low SC but still
featuring good photovoltaic performance is
urgent and significant for the further devel-
opment of OSCs.

Compared to fused-ring polymers,
poly(3-hexylthiophene) (P3HT) should be
the admittedly simplest polymer applying
in OSCs, which is not only ascribed to its
simple molecular structure but also attrib-

1. Introduction

Organic solar cells (OSCs) have been paid extensive attention in
academia and industry due to their unique characteristics, that is,
light-weight, mechanical flexibility, environmental friendliness,

uted to its facile synthesis.>™] Yet, most P3HT-based OSCs
show inferior efficiency with value of less than 10%, which is
partially ascribed to the shallow highest occupied molecular
orbital energy (Eyomo) level of P3HT.820 During the past dec-
ades, introducing electron-withdrawing groups or conjugated
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Scheme 1. The synthetic route of PF1 and PF2.

side chains to polythiophene (PT) has been found to be effec-
tive in deepening the Epoyo level versus that of P3HT, which
enables a gradual increase of the PCE surpassing 12%.121-24
However, the hole mobility of those efficient PT derivatives is
inversely lower than P3HT for their dissatisfactory molecular
coplanarity.>! Moreover, owing to the additional synthetic pro-
cedures, the SC of those efficient PT derivatives is still large
with value exceeding 20%, which still results in high cost for
those efficient PT derivatives.[??l Hence, seeking other effective
strategies, such as simply doing modification on the molecular
backbone of PT, should be important and anticipated for con-
structing simple polymers simultaneously featuring low SC,
high hole mobility, and effective photovoltaic performance.

As the analogs of thiophene, furan and its derivatives feature
smaller volume, larger dipole moment, and lower dewar reso-
nance energy.?*-28] Meanwhile, the higher electronegativity of
oxygen in furan than sulfur in thiophene could impart furan-
based photovoltaic materials more stabilized Ejjope level.223%
Moreover, furan and its derivatives are indisputably sustain-
able owing to that they can be derived from biomass, whereas
starting materials derived from fossil fuels are not. Therefore,
furan and its derivatives should possess great potential for low-
cost synthesis of photovoltaic materials.[3-3%!

Taking into the advantages of furan, herein, we designed and
synthesized two simple non-fused-ring electron donors PF1 and
PF2 via copolymerizing furan-3-carboxylate with 2,2"-bithio-
phene. Note that the SC of two new polymers is as small as 9.7%.
And PF1 and PF2 feature larger conjugated plane and higher hole
mobility than their all-thiophene-backbone counterpart PT-E.
Especially, the hole mobility of PF2 with longer alkyl side chain
could approach up to =10 cm? V~'-s. Beyond that, PF1 and
PF2 demonstrate larger dielectric constant and deeper Epoumo
level than PT-E. When fabricated OSCs with polymer (PT-E,
PF1, or PF2) as electron donor and m-ITIC as electron acceptor,
PT-E:xm-ITIC based devices produce a decent PCE of 6.41%.
However, benefiting from the better physicochemical properties,
the PCEs of PF1- and PF2-based devices are increased by =16.7%
and =71.3% relative to PT-E-based devices, respectively. Moreover,
the optimized PF2-based devices with introducing PC;BM as the
third component deliver a higher efficiency of 12.40%.
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2. Results and Discussion

wO

2.1. Materials Synthesis and Properties

The synthetic route of PF1 and PF2 is outlined in Scheme 1,
and the detailed synthetic procedures are described in Sup-
porting Information. As is shown, PF1 and PF2 can be easily
synthesized via only three steps as well as cost-effective raw
materials. For comparison, their analog polymer PT-E with
all-thiophene-unit backbone was also prepared according
to the work reported by Zhang et al. (Supporting Informa-
tion).? The molecular structures of the intermediates, PF1
and PF2 were confirmed by 'H-NMR, BC-NMR, FTIR, and
element analysis (Figures S1-S10, Supporting Information).
PF1, PF2, and PT-E present amorphous characteristic but
show good thermal stability with decomposing temperature
(5% weight loss) exceeding 300 °C and stronger endurance
against air and continuous heating (Figure S11, Supporting
Information). It is noted that PF1 and PF1:m-ITIC film pre-
sent stronger light endurance than that of PT-E and PT-E:m-
ITIC film, respectively (Figure S12, Supporting Information),
considering the same alkyl side chains and comparable
molecular weight of PT-E and PF1. Three polymers display
good solubility in halogenated solvents, that is, chloroform,
chlorobenzene, and dichlorobenzene. The number average
molecular weights (M,) of PT-E, PF1, and PF2 are 7.9, 10.5,
and 30.1 kg mol™, respectively, where the larger M, of PF1
and PF2 should be ascribed to the better solubility of furan-
based acceptor unit, being conducive to obtaining a better
photon harvesting capability and a more favorable film
morphology.35-]

2.2. Theoretical Calculation

To firstly give an understanding of structural difference among
PT-E, PF1, and PF2, density functional theory (DFT) calcula-
tion at B3LYP/6-31G* level on the dimer of three polymers
was performed. As displayed in Figure 1b, the dihedral angles
between thiophene-3-carboxylate and neighboring thiophene

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Theoretical calculation of PT-E, PF1, and PF2. a) Structures; b) Front view of optimized geometry; c) Simulated HOMO orbitals and Eyjomo

levels; d) ESP and dipole moment.

in PT-E are 43.4° and —14.7°, respectively. However, the cor-
responding values between furan-3-carboxylate and neigh-
boring thiophene in PF1 and PF2 are reduced to 0.09°/-1.15°
and -2.61°/-0.91°, respectively. The almost planar backbone
of PF1 and PF2 (Figure S13, Supporting Information) results
from the synergistic effect of the small volume of furan and
non-covalent interactions in PF1 and PF2 (C—O---H, O---S,
and C=0---H).’%%! Compared to PT-E, the Eyoumo levels of
PF1 and PF2 are deepened by 0.07 and 0.12 eV (Figure 1c),
respectively, which should be ascribed to the stronger elec-
tronegativity of oxygen atom in furan relative to sulfur atom
in thiophene.}**! As shown in Figure 1d, even though exhib-
iting similar continuous electrostatic potential (ESP), the
dimer of PF1 and PF2 both display larger dipole moments
than that of the dimer of PT-E, indicating that PF1 and PF2
might also feature larger dipole moment versus that of PT-E,
which is confirmed by their larger relative dielectric constant
than PT-E (Figure S14, Supporting Information). Therefore,
efficient exciton dissociation and charge transportation could
be expected for OSCs based on PF1 or PF2.[*2-#]

Small 2022, 18, 2104623 2104623 (3 of 10)

2.3. Optical and Electrochemical Properties

PF1 and PF2 in diluted chlorobenzene solution display red-
shifted absorption peaks (4. at 531 and 538 nm accompa-
nied with enlarged absorption coefficient versus that of PT-E
(Figure 2a and Table S1, Supporting Information). The optical
bandgap (Egh,) of PT-E, PF1 and PF2 can be deduced from their
absorption spectra onset in the film state (Figure 2b), corre-
sponding to 1.88, 1.83, and 1.82 eV, respectively. It is noticed
that three polymers demonstrate complementary absorption
with the non-fullerene acceptor m-ITIC, which could maximize
the photon flux and benefit for improving the photocurrent of
derived OSCs.

The characterization via cyclic voltammetry could approxi-
mately estimate the Epgmo/lowest unoccupied molecular
orbital energy (Eiymo) levels of PT-E and PF1 locating at
—-5.21/-3.09 eV and -5.33/-3.10 eV, respectively (Figure 2c
and Figure S15, Supporting Information), consistent with the
trends determined via DFT calculations. Notably, extending
the side-chain further deepens the Epomo/Eiumo levels to

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) UV-Vis absorption spectra of PT-E, PF1, and PF2 in solution; b) Normalized UV-Vis absorption spectra of PT-E, PF1, PF2, and m-ITIC in
film; c) Energy level diagram of materials utilized in OSCs of this work; d) The energy—torsion angle curves of PT-E, PF1, and PF2 from DFT calculation.

—5.37/-3.16 eV for PF2. The small Eyoyo offsets at PFlim-
ITIC (0.19 eV) or PF22m-ITIC (0.15 eV) benefit for low charge
transfer energy loss while remaining high charge transfer effi-
ciency, being confirmed by the high fluorescence quenching
efficiency (93.4% and 96.7%) of m-ITIC when blended with PF1
or PF2 (Figure S16, Supporting Information).!

As depicted in Figure 2d, PT-E not only shows three meta-
stable states but also depicts a small energy barrier of 9.97 kJ
mol~! for the rotation from stable state (0°) to metastable state
(90°), while the corresponding values increase to 16.24 and
16.69 k] mol™ for PF1 and PF2, respectively, which indicates
that PF1 and PF2 feature better planarity than PT-E. The above
result is further confirmed by the higher hole mobility for PF1
(0.28 x10™* cm? V~1.5) and PF2 (0.91 x 10~* cm? V~!.5) than PT-E
(0.17 x 10 cm? V~1.s), which is measured from space-charge-
limited current model (Figure S9, Supporting Information). It
is noted that the hole mobility of PF2 is highly approachable to
that of P3HT relative to those efficient PT derivatives.[*0~]

2.4. Photovoltaic Properties

The photovoltaic properties of PT-E, PF1, and PF2 were evalu-
ated in OSCs with an invert architecture of ITO/M-ZnO/active
layer/MoOs/Ag (Figure 3a), where M-ZnO is prepared by modi-
fying ZnO film via a trisiloxane molecule (Figure S18, Sup-
porting Information), and m-ITIC was adopted as the electron
acceptor. To carefully optimize the photovoltaic performance of
devices, a series of parameters were finely tuned, that is, con-
centration of electron donors, weight ratio of electron donor:m-
ITIC, additive, thermal annealing et al. (Figures S19-S30,
Supporting Information). As shown in Figure 3D, the optimized
PT-E:m-ITIC devices show a decent PCE of 6.41%. Moreover,

Small 2022, 18, 2104623 2104623 (4 of 10)

for further improving the efficiency of PT-E based devices,
PT-E with larger molecular weight was also prepared. However,
similar devices based on PT-E:m-ITIC but adopting PT-E with
higher molecular weight produce a poor PCE of 5.10%, which
should be ascribed to the much worse morphology of derived
blend film (Figure S31, Supporting Information). Compared to
PT-E based devices, the PCE of PF1:m-ITIC and PF2:m-ITIC
based devices could be improved to 748% and 10.98%, respec-
tively. It is noted that all photovoltaic parameters of PF1- and
PF2-based devices are enhanced relative to PT-E-based devices,
where the enhancement of V,. for the former should be attrib-
uted to their deeper Eyonmo levels, and the increased FF should
be assigned to the higher and more balanced charge mobilities
of PF1- and PF2-based devices (Table 1). For the improvement
of J for PF1- and PF2-based devices, it not only originates from
their enlarged absorption coefficient versus PT-E, but also cor-
relates well with the proficient charge dynamics of their derived
devices (discuss in later).

Interestingly, when replacing 6% m-ITIC with same amount
of PC;;BM, the derived devices could produce an enhanced
PCE of 11.45% with an increased J. of 1783 mA cm™ and an
intensified FF of 74.1% but a slightly reduced V,. of 0.867 V
(Figure S32, Supporting Information). Compared to binary
devices, the decreased V. of ternary devices should be ascribed
to the relatively deeper Ejyyo level of PC;BM versus that of
m-TTIC.¥% Further replacing 12% m-TTIC with same amount
of PCy;BM could impart a higher PCE of 12.40% with a remark-
able FF of 77.6% for derived devices, which is resulted from the
better morphology of the derived blend film featuring finely
nano-scale interpenetrating networks as well as uniform and
smooth surface with small root mean square (RMS) roughness
of 1.16 nm (Figure S33a—c, Supporting Information). Exceeding
12% PC;BM in the ternary blend film, the efficiency of

© 2021 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Schematic illustration of device architecture in this work; b) J-V characteristics and c) EQE spectra of those optimized devices; d) Dis-
tribution of PCE for those optimized devices; e) Normalized PCE for those optimized devices with continuous illumination (100 mW cm~2) in N, for
different time; f) Plots of industrial figure of merit and SC of P3HT, PF2, and reported non-fused-ring simple polymers.

derived devices would be highly impaired for their simultane-
ously reduced photovoltaic parameters. Especially, completely
replacing m-ITIC with PC;BM would result in a poor PCE of
6.35%, which correlates with the limited absorption ability as
well as the poor morphology with relatively severe phase sepa-
ration and rough surface with large RMS roughness of 3.18 nm
for the derived blend film (Figure S33b—f, Supporting Informa-
tion). On the other hand, replacing m-ITIC with the famous
acceptor Y6, the devices based on PF2:Y6 conversely produce
a poor photovoltaic performance (Figure S34, Supporting
Information), which should be ascribed to the completely
homogeneous bulk morphology without obvious phase separa-
tion resulting from the better miscibility between PF2 and Y6
(Figure S35, Supporting Information), and the similar phenom-
enon was also reported by Geng et al.l?!

As shown in Figure 3c, the J, values integrated from the
external quantum efficiency (EQE) spectra agree with the Jg.
values obtained from the J-V measurement. Additionally, the
reproducibility of photovoltaic performance of those optimized

Table 1. Photovoltaic performance of those optimized devices.

devices is examined. As depicted in Figure 3d, the average PCEs
with deviation are 6.08 + 0.14%, 721 * 0.14%, 10.74 + 0.15%,
and 12.22 + 0.12% for each repetitive 20 devices based on PT-
E:m-1TIC, PF1:m-ITIC, PF2:m-ITIC, and PF2:m-ITIC:PC;BM,
respectively. Moreover, PF1:m-ITIC and PF2:m-ITIC based
devices exhibit better operational stability than PT-E:m-ITIC or
P3HT:m-ITIC based devices (Figure 3e and Figure S36, Sup-
porting Information). Among them, the superior photovoltaic
performance of PF2-based devices not only originates from
the better optoelectronic property of PF2, but also be from
the highly improved charge dynamics behavior, that is, faster
charge transport, more efficient charge collection, and fewer
charge recombination. Besides, the morphology of PF2:m-ITIC
layer also presents an additional positive effect on the improved
photovoltaic performance of PF2-based devices.

Furthermore, we investigate the cost-effectiveness of three
polymers concerning the SC and material cost (MC) according to
the reported work (Tables S2-S11, Supporting Information).>>!
It is pointed that PT-E shows a SC of 9.55% coupled with an MC

Active layer Voo V] Jee [MA cm™? FF [%] PCE [%] 10, 1) Ue/tn
PT-E:m-ITIC? 0.82 (0.82 +0.01) 13.07 (12.62 £ 0.36) 59.8 (58.9+1.7) 6.41 (6.08 +0.14) 033 0.64 193
PF1:m-ITICY) 0.84 (0.84£0.02) 1411 (13.80 +0.30) 63.1 (62.2412) 7.48 (7.21+0.14) 122 151 1.24
PF2:m-ITICY 0.87 (0.87 £ 0.14) 17.17 (16.96 £ 0.17) 73.5 (72.8 £ 0.8) 10.98 (10.74 £ 0.15) 6.81 7.90 116
PF2:m-ITIC:PC;,BMY  0.86 (0.86 +0.01) 18.52 (18.36 +0.22) 77.6 (7.1 £0.5) 12.40 (12.22 +0.12) 9.44 10.3 1.09

The optimized thickness values of active layer are; ¥96 nm; ®105 nm;

Small 2022, 18, 2104623 2104623 (5 of 10)

118 nm, and; 9109 nm respectively; The units of u, and g, are 107 cm? V-'s.
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of =29.1 $ g% Even though the SC of PF1 and PF2 is slightly
increased to 9.7%, PF1, and PF2 but present a lower MC of =23.1
and =19.0 $ g7, respectively, which is ascribed to the higher
synthetic yield of PF1 and PF2 than PT-E. Importantly, the MC
of PF2 is very small than those reported efficient fused-ring
polymers (Figure S38, Supporting Information).'! Moreover,
PF2 simultaneously presents small SC and industrial figure

of merit (IFOM = %) among those reported non-fused-ring

simple polymers (Figure 3f, Figure S37, Schemes S6-S31, and
Tables S2-S11, Supporting Information). Considering the small
SC and IFOM, low MC, and good photovoltaic efficiency, PF2
demonstrates great potential for low-cost production of efficient
0SCs.?2l Moreover, these results also demonstrate that furan-
3-carboxylate should be a simple and attractive building block for
constructing low-cost and effective non-fused-ring polymers.

2.5. Charge Dynamics

Transient absorption (TA) spectra were conducted to inves-
tigate the charge dynamics in those optimized devices. As
exhibited in Figure 4a—c, a bleaching signal at =750 nm can be
observed for m-ITIC neat film, PF1:m-ITIC film, and PF2:m-
ITIC film when excited by 730 nm mono-light. This signal,
locating in the absorption region of m-ITIC, should be attrib-
uted to the ground state bleaching of the transition in m-ITIC.
Besides, as the excitation photon energy (730 nm) is smaller
than that is required for exciting PF1 and PF2, the two addi-
tional bleaching signals detected at =550 and =600 nm in
the TA spectra of PF1:m-ITIC film and PF2:m-ITIC film are
only assigned to the hole transfer from m-ITIC to PF1 or PF2

www.small-journal.com

especially considering the shallower Ejyyo level of m-ITIC
than that of PF1 or PF2.>%

As shown in TA spectra with a normalized scale (Figure 4d),
the relaxation rates of PF1:m-ITIC film (=1.0 ps) and PF2:m-
ITIC (=1.0 ps) film are faster than that of m-ITIC neat film
(=3.0 ps). Moreover, the buildup of the signals probed at
=550 nm in PF1:m-ITIC film and PF2:m-ITIC film is prolonged
with the lifetime of onset exponential growth increasing to
~0.6 and =1.0 ps, respectively (Figure 4e), further confirming
the hole transfer is the main origin of the additional bleaching
signals for PF1:m-ITIC film and PF2:m-ITIC film. The com-
paratively slow TA decay of PF2:m-ITIC film suggests its
charge recombination rate is highly suppressed. Besides, the
prolonged TA decays of PF1:m-ITIC film and PF2:m-ITIC film
excited by 500 nm (Figure 4f and Figure S39, Supporting Infor-
mation) indicate the electron transfer is efficient in both opti-
mized films.

To further clarify the charge extraction process of those opti-
mized devices, transient photocurrent (TPC) and light intensity
(Pignt)-dependent i measurements were conducted. As shown
in Figure 5a, PF2:m-ITIC based devices demonstrate a more effi-
cient charge extraction evaluated from a smaller photocurrent
decay lifetime of =9.33 ns, while the corresponding values
increase to =14.38 and =18.99 ns for PF1:m-ITIC and PT-E:m-
ITIC devices, respectively. Meanwhile, a larger o (0.988) more
close to unity for PF2:m-ITIC based devices also suggests a more
balanced and faster charge extraction in this device (Figure 5b),
agreeing with its enlarged and balanced charge mobilities
(Table 1 and Figure S40, Supporting Information). The transient
photoluminescence (TRPL) spectrum of PF2:m-ITIC film with a
smaller lifetime of =0.79 ns confirms an efficient charge transfer
(Figure 5c). The proficient charge extraction usually suppresses
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Figure 4. Transient absorption signals recorded from a) m-ITIC neat film, b) PF1:m-ITIC film, and c) PF2:m-ITIC film excited by 730 nm and probed
at =750 nm. d) Dynamics probed at =750 nm recorded from m-ITIC neat film, PF1:m-ITIC film, and PF2:m-ITIC film excited by 730 nm. e) Dynamics
probed at =550 nm recorded from PF1:m-ITIC film and PF2:m-ITIC film excited by 730 nm. f) Dynamics probed at =700 nm recorded from PF1:m-ITIC

film and PF2:m-ITIC film excited by 500 nm.
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Figure 5. a) TPC spectra of those optimized devices; b) J;. of those optimized devices as a function of Pj,p,; ) TRPL spectra of those optimized films;
d) TPV spectra of those optimized devices; e) V. of those optimized devices as a function of Pj,p, and the relationship between Py, and Vi follows
the equation: Vo =< n(kT/q)InPjigy,, where k, T, and q represent Boltzmann constant, temperature in Kelvin, and elementary charge, respectively. In
general, the slope of n(kT/q) approaches kT/g when trap-assisted recombination is suppressed; f) CSP of the optimized films measured at Dark 0,

under illumination, at Dark 1.

bimolecular recombination and contributes to the improvement
of photovoltaic performance.l53->

To evaluate the charge recombination aforementioned,
transient photovoltage (TPV) spectra were implemented. As
depicted in Figure 5d, PF2:m-ITIC devices present a prolonged
lifetime of =1.77 us compared to PT-E:m-ITIC devices (0.84 ps)
and PF1:m-ITIC devices (1.12 us), implying the charge recom-
bination rate is significantly reduced in the former sample.>®
Furthermore, a smaller ideality factor n of 1.43 for PF2:m-ITIC
devices also demonstrates the trap-assisted recombination is
weaker in PF2:m-ITIC based devices than that in the other two
devices (Figure 5Se).

The contact surface potential (CSP) of those optimized films
was alternately measured under dark and light illumination.
The CSP values of each film firstly increased and then decreased
following the light was turned on and off (Figure 5f). A discrep-
ancy between the two dark CSP values was recorded and used to
evaluate the density of charge traps that prevented the recovery
of the CSP values from illumination to dark.””) Compared to
PT-E:m-ITIC and PF1m-ITIC samples, PF2:m-ITIC sample
generated a smaller CSP discrepancy of 0.034 V between dark
1 and dark 0 (Figure 5f, Figure S41, and Table S12, Supporting
Information), suggesting fewer charges were captured by fewer
traps, which was consistent with the result of TPV.

2.6. Morphology Properties
A series of morphological characterizations were performed and

the results are shown in Figure 6. The optimized PT-E:m-ITIC
film exhibits many grains distribution with large RMS roughness

Small 2022, 18, 2104623 2104623 (7 of 10)

of 756 nm (Figure 6a,b). The large bulk phase separation
of PT-E:m-ITIC film should be assigned to poor miscibility
between PT-E and m-ITIC, which is not only confirmed by the
short interchain distance of PT-E (djapmeiiar 214 A, Figure S28,
Supporting Information) less than the molecular size of
m-ITIC (22.0 A, Figure $43, Supporting Information), but also
evidenced by the large Flory—Huggins interaction parameter y
of 1.49 between PT-E and m-ITIC (Figure S44, Supporting Infor-
mation).” In comparison, PF1 and m-ITIC present enhanced
miscibility with reduced y (1.03, Figure S44, Supporting Infor-
mation), which results in nanoscale fibrillar textures-like inter-
penetrating network with a small RMS roughness (2.79 nm,
Figure 6e,f). However, few large m-ITIC aggregation could be
found in the optimized PF1:m-ITIC film (Figure 6f), which
should be ascribed to the smaller dj,pe.r of PF1 of 18.7 A
(Figure S45, Supporting Information). Comparatively, PF2
not only shows a further enhanced miscibility (y = 0.86) with
m-ITIC, but also presents a large djymenr of 22.2 A allowing
m-ITIC molecules facile interdigitation (Figure S46, Supporting
Information). Therefore, PF2:m-ITIC film demonstrates a
well-defined bicontinuous interpenetrating network with a uni-
form and smooth surface rich of nanofibrils (RMS = 1.88 nm,
Figure 61,j), which is highly conducive to charge transfer and
transport as well as suppressing charge recombination.

We further applied depth-dependent X-ray photoelectron
spectroscopy to clarify the vertical phase distribution in
those optimized films, where the phase density ratio of
Polymer — rich region
m — ITIC —rich region
meter (Figures S47-S49 and Tables S13—S15, Supporting Infor-
mation).’®% It is found that PF2:m-ITIC optimized film

(Rp) was adopted as a tracking para-
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Figure 6. AFM phase images (a,e,i) and TEM images (b,fj) of the optimized films; Calculated polymer or m-ITIC content in the optimized films
(c,g,k) versus the film depth; The schematic diagram of the optimized films (d,h,l), where block and sphere represents PTs and m-ITIC, respectively.

shows a small R, of 1.1 (Figure 6k), while the corresponding
values increase to 1.9 and 1.5 for PT-E:m-ITIC and PF1:m-ITIC
optimized films (Figure 6¢,g), respectively. From the aforemen-
tioned results, we can depict the vertical phase distribution in
three optimized films (Figure 6d,h,l). Comparatively, PF2:m-
ITIC optimized film features a relatively ideal P-i-N vertical
structure with PF2 and m-ITIC mainly located on the upper
and bottom of their optimized film, respectively. This kind
of vertical distribution is greatly beneficial for exciton disso-
ciation, charge transportation, and collection, contributing to
the superior photovoltaic performance for PF2:m-ITIC based
devices.[1-63]

3. Conclusion

In summary, two simple non-fused-ring electron donors, PF1
and PF2, were designed and synthesized via copolymerizing
furan-3-carboxylate and 2,2"-bithiophene. Owing to facile syn-
thesis, inexpensive raw materials, and high yield, PF1 and
PF2 present low SC of 9.7%. Meanwhile, PF1 and PF2 show
larger conjugated plane, higher hole mobility, larger dielectric
constant, and deeper electronic energy level than their all-thio-
phene-backbone counterpart PT-E. Benefiting from the better
physicochemical properties, the efficiencies of PF1- and PF2-
based devices are improved by =16.7% and =71.3%, respectively,
in comparison with PT-E-based devices. Moreover, the opti-
mized PF2-based devices with introducing suitable PC,;BM as
the third component deliver a higher efficiency of 12.40%. Our
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work demonstrates that furan-3-carboxylate should be a prom-
ising building block for constructing low-cost and effective non-
fused-ring polymers, and PF2 should feature high potential for
low-cost large-scale production of efficient OSCs.

4. Experimental Section

Materials: Anhydrous toluene and dichloromethane were dried over
sodium/benzophenone and calcium hydride, respectively. m-ITIC and
PC;;BM were purchased from Solarmer Materials Inc. Besides, furan-
3-carboxylic acid, 5,5-bis(trimethylstannyl)-2,2"-bithiophene and other
chemicals applied in this work were purchased from Energy Chemical
in China and were used as received without further purification. PT-E
was synthesized according to the reported literature.? The detailed
synthetic procedures and characterizations of the intermediates of PF1
and PF2 were provided in Supporting Information.

Synthesis  of PFI: Monomer 2 (955 mg, 025 mmol),
5,5"-bis (trimethylstannyl)-2,2"-bithiophene (123.0 mg, 0.25 mmol) and
toluene/DMF (10 mL/1 mL) were placed into a single-neck bottom-flask
(25 mL). Then, the flask was vacuumed and refilled with N, three times.
0.01 mmol Pd(PPhs), (11.5 mg) was quickly added into the flask, and
the flask was vacuumed and refilled with N, once again. Next, the flask
was placed into an oil-bath with the temperature at 110 °C, and kept
stirring for 6.0 h under N, atmosphere. Subsequently, another batch
of Pd(PPhs), (5.8 mg, 0.005 mmol) was quickly added into the flask,
and the mixture was further stirred at 110 °C for overnight. Afterward,
1.00 mmol phenyltri-n-butyltin (home-made) was injected into the flask
and the mixture was consecutively stirred for 1.0 h. Then, 1.05 mmol
2-bromobenzene was also injected into the flask and the mixture was
further consecutively stirred for 1.0 h. Next, the mixture was poured
into 100 mL methanol and consecutively stirred for 2.0 h at room

© 2021 The Authors. Small published by Wiley-VCH GmbH
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temperature. After the precipitate was filtered, the solid was dissolved
with chloroform and went quickly through a short silica gel column
with chloroform as eluent. The majority of chloroform in the derived
solution was removed via vacuum and the residue was precipitated
into 100 mL methanol again. Following, the precipitate was filtered and
subjected to soxhelt extraction with methanol, hexane, and chloroform
for 8.0 h, successively. After that, the majority of chloroform in the
mixture was removed by vacuum and the residue was precipitated into
100 mL methanol again. Finally, the mixture was centrifuged to obtain
the crude product and dried under vacuum overnight to get the target
product (73.8 mg, 76.4%). SEC (THF): M, = 10.5 kg mol™"; M,,=18.4 kg
mol™; & = 1.75. 'TH-NMR (400 MHz, CDCl;, & ppm): 7.13-6.67 (br, 5H),
3.09-2.93 (br, 3H), 0.96-0.90 (br, 14H). FTIR (cm™): 3081, 2926, 2852,
1628, 1437, 998, 793. Anal. Calcd for (CyH2,035,)n: C, 65.25; H, 5.74; O,
12.42; S, 16.59. Found: C, 65.01; H, 5.49.

Synthesis of PF2: PF2 was synthesized following the similar
procedures as PF1. Finally, PF2 (107.1 mg) was obtained with yield of
85.9%. GPC (THF): M, =30.1 kg mol™'; M,,=49.7 kg mol™; D =1.65. 'H-
NMR (400 MHz, CDCl;, 8 ppm): 7.15-6.79 (br, 5H), 3.00-2.92 (br, 3H),
0.98-0.88 (br, 30H). FTIR (cm™): 3069, 2933, 2853, 1635, 1437, 997, 793.
Anal. Calcd for (CygH3303S;)n: C, 69.84; H, 7.68; O, 9.62; S, 12.86. Found:
C, 69.35; H, 9.31.

Device Fabrication and Characterization: OSCs were fabricated with an
inverted structure of ITO/M-ZnO (35 nm)/PTs:m-ITIC/MoOx (9 nm)/
Ag (100 nm). First, the patterned ITO-coated glass (15 Q sq7') was
successively cleaned by ultrasonic treatment in detergent, deionized
water, acetone, and isopropanol for 30 min. Then, the ITO-coated
glass was dried with nitrogen-flow, and irradiated with oxygen plasma
for 20 min. Next, the ZnO precursor solution prepared according to
the reported literature was spin-coated on top of the ITO-coated glass
with spin-coating rate of 4500 rpm for 30 s.*4 And the above film was
annealed at 220 °C for 40 min in air. Following, 0.9 wt% trisiloxane
small molecule in isopropanol was spin-coated on ZnO film, which was
then thermally annealed at 120 °C for 8 min in air to obtain the M-ZnO
film. The PTs:m-ITIC or PF2:m-ITIC:PC;;BM blends were dissolved in
chlorobenzene and stirred at 70 °C for at least 2.0 h in glovebox (Vo, <
0.1 ppm, Vio < 0.1 ppm). Before spin-coating, some diphenyl ether
(DPE) were added into the chlorobenzene solution and stirred at 70 °C
for at least 1.0 h. The active layer solution was spin-coated onto the M—
ZnO film, and then annealed at 130 or 150 °C for 5 min. Finally, MoO,
(9 nm) and Ag (100 nm) were successively evaporated onto the active
layer under pressure of 4.0 x 107 Pa. The active area of the devices was
4.0 mm? determined by the mask. The current density-voltage (J-V)
characteristics of OSCs were measured via Keithley 2400 source-meter
under AM 1.5G simulated by a Newport-Oriel solar simulator, where
the light intensity was calibrated to 1000 W m~2 using an NREL-certified
single crystal silicon cell. EQE spectra were measured with a commercial
photo modulation spectroscopic setup that included a Xenon lamp, an
optical chopper, a monochromator, and a lock-in amplifier operated by
a PC computer. Meanwhile, a calibrated Si photodiode was used as a
standard in the EQE measurement. The PCE statistics were obtained
using 20 individual devices fabricated under the same optimized
condition.
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Supporting Information is available from the Wiley Online Library or
from the author.
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